Relatively little is known about the interneurons that constitute the mammalian locomotor central pattern generator and how they interact to produce behavior. A potential avenue of research is to identify genetic markers specific to interneuron populations that will assist further exploration of the role of these cells in the network. One such marker is the EphA4 axon guidance receptor. EphA4-null mice display an abnormal rabbit-like hopping gait that is thought to be the result of synchronization of the normally alternating, bilateral locomotor network via aberrant crossed connections. In this study, we have performed whole-cell patch clamp on EphA4-positive interneurons in the flexor region (L2) of the locomotor network. We provide evidence that although EphA4 positive interneurons are not entirely a homogeneous population, most of them fire in a rhythmic manner. Moreover, a subset of these interneurons provide direct excitation to ipsilateral motor neurons as determined by spike-triggered averaging of the local ventral root DC trace. Our findings substantiate the role of EphA4-positive interneurons as significant components of the ipsilateral locomotor network and describe a group of putative excitatory central pattern generator neurons.
Relatively little is known about the interneurons that constitute the mammalian locomotor central pattern generator and how they interact to produce behavior. A potential avenue of research is to identify genetic markers specific to interneuron populations that will assist further exploration of the role of these cells in the network. One such marker is the EphA4 axon guidance receptor. EphA4-null mice display an abnormal rabbit-like hopping gait that is thought to be the result of synchronization of the normally alternating, bilateral locomotor network via aberrant crossed connections. In this study, we have performed whole-cell patch clamp on EphA4-positive interneurons in the flexor region (L2) of the locomotor network. We provide evidence that although EphA4 positive interneurons are not entirely a homogeneous population, most of them fire in a rhythmic manner. Moreover, a subset of these interneurons provide direct excitation to ipsilateral motor neurons as determined by spike-triggered averaging of the local ventral root DC trace. Our findings substantiate the role of EphA4-positive interneurons as significant components of the ipsilateral locomotor network and describe a group of putative excitatory central pattern generator neurons.
ephrin ͉ synaptic transmission ͉ axon guidance ͉ locomotion A dvances in transgenic technologies have greatly facilitated our understanding of the development and function of neural networks (1, 2) . These techniques allow incorporation of molecular markers such as ␤-galactosidase (␤-gal) or green fluorescent protein (GFP) under the control of selective promoters to provide important means of identifying and targeting specific neuronal populations (3) (4) (5) (6) (7) . Moreover, knockouts of fate-determining transcription factors (8) or transmitter systems active during development (9) provide a powerful tool to investigate the overall structure of a network and how it is assembled during development. Such studies are particularly relevant in mammalian systems where it has been an immense task to characterize the principle constituents of neural networks from both developmental genetics (1) and physiological (10) (11) (12) perspectives. A recent example of a genetic loss-of-function that is related to a distinct abnormal behavioral phenotype is the rabbit-like hopping gait exhibited in mice that have a targeted deletion of the axon guidance molecules EphA4 and ephrinB3 (13) (14) (15) . This pronounced phenotype could be reproduced in isolated spinal cords from mutant mice, suggesting that the neuronal network controlling locomotion, also called the central pattern generator (CPG), is genetically reconfigured in the mutants (16) . The experiments demonstrated that the hopping gait in mutants was related to an increase in midline crossing of axons originating from EphA4-expressing neurons in the spinal cord. Moreover, the experiments showed that a large proportion of glutamatergic excitatory cells in the ventral spinal cord expressed EphA4. This finding led us to hypothesize that a group of EphA4 neurons are excitatory interneurons in the normal CPG and are involved in producing the ipsilateral drive during locomotion. As such, ephA4-null mice have the potential to provide insights into the ipsilateral components of the normal locomotor CPG. To substantiate this hypothesis, we have now recorded from neurons expressing EphA4 in the mouse spinal cord, and determined their locomotor activity as well as their synaptic effect on the ipsilateral, segmental motor neurons. We demonstrate that a large number of EphA4-expressing neurons are rhythmically active, and that a subgroup of these form excitatory connections onto local ipsilateral motor neurons.
Materials and Methods
Animal Husbandry. Experiments were performed in mice that incorporated a gene trap wherein ephA4-null mice express lacZ under the control of the ephA4 promoter (ephA4 lacZ ) (6) or WT C57BL͞6 mice (Scanbur-BK, Sollentuna, Sweden). ephA4 lacZ mice were kindly provided by Marc Tessier-Lavigne (Genentech) and bred for use in all experiments. Homozygote ephA4 lacZ/Ϫ mice were intercrossed as well as crossed with WT C57BL͞6 mice to produce ephA4 lacZ/ϩ progeny.
Dissection. Neonatal [postnatal day (P) 0-4] mice were used for all electrophysiology experiments, and the dissection was performed similar to that described previously in rats (17) . Briefly, neonatal mice were deeply anesthetized with isofluran (in accordance with the stipulations of the local animal care committee and National Institutes of Health guidelines), decapitated, and eviscerated. The spinal cord was dissected out, and the length extending from C1 to S4 was pinned ventral-side-up in a recording chamber superfused with oxygenated (5% CO 2 in O 2 ) Ringer's solution composed of 111 mM NaCl, 3.08 mM KCl, 25 mM NaHCO 3 , 1.18 mM KH 2 PO 4 , 1.25 mM MgSO 4 , 2.52 mM CaCl 2 , and 11 mM glucose. All experiments were performed at room temperature.
Intracellular recordings were performed in current clamp mode (Axoclamp 2B, Axon Instruments).
Ventral Root Recordings. Suction electrodes were placed on the contralateral L2 (cL2) and iL5 ventral roots. In addition, a small-diameter suction electrode for DC recordings was placed in close proximity to the exit point of the iL2 ventral root (Fig.  1 A) . Locomotor activity was evoked by perfusing Ringer's solution containing a combination of N-methyl-D-aspartic-acid (NMDA) (Sigma; 3-7 M) and serotonin creatine sulfate (5-HT; 3-9 M) (Fig. 1B) . No differences in locomotor-like activity were observed over the postnatal ages used for the present study (P0-P4). Rhythmic burst activity in the cL2 and iL5 AC recorded ventral roots was bandpass-filtered (100 Hz to 1 kHz). Locomotor-like activity was analyzed by using two different methods: (i) averaging of the rectified oscillations by using a normalized duty cycle of 50% performed in DATAPAC (Run Technologies) (this method allowed assessment of the phase of locomotor oscillations in the iL2 DC trace relative to the rectified iL5 bursts as well as an appraisal of the coordination between the cL2 and iL5); and (ii) statistical measure of the cL2͞iL5 coordination by using circular statistics (see below) (18) . DC Spike-Triggered Averaging. Synaptic input of the interneurons onto the local ipsilateral iL2 motor neurons was ascertained by interneuron spike-triggered averaging of the DC trace both at rest (i.e., in the absence of locomotor-inducing drugs and only when spikes were not associated with spontaneous ventral root bursts) and during drug-induced locomotor-like activity. By recording from the ipsilateral ventral root, we could ascertain the synaptic effect of the EphA4-positive neurons irrespective of the genotype (heterozygotes or homozygotes). Spike-triggered averaging was performed in DATAPAC as described in ref. 20 with a minimum of 50 spikes used in all cases. The pharmacology of the synaptic signals was always tested at rest, and spike frequency was controlled to Ͻ2 Hz by variable current injection so as to prevent synaptic depression. Low Ca 2ϩ Ringer's was used as the preferred means of testing the synaptic nature of the DC signal (see ref . 20) . Although it did not allow the neurotransmitter type to be determined, it did minimize interference from spontaneous synaptic discharge, induced by inhibitory neurotransmitter antagonists (21) . To determine the more precise nature of the synaptic potentials D,L-2-amino-5-phosphonovaleric acid (AP-5) (Research Biochemicals; 20 M) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (Research Biochemicals; 10 M) were used to block excitatory potentials. Glycinergic and GABA A synaptic potentials were blocked with strychnine (Sigma; 0.3 M) and bicuculline (Sigma; 2 M), respectively.
Analysis of Locomotor Data. The instantaneous firing frequency of recorded neurons was plotted relative to iL5 ventral root activity as described in ref. 22 to provide an indication of the overall distribution of spike firing during drug-induced locomotor-like activity. Circular statistics were also performed to provide a statistical measure of the coupling between neuron firing and the phase of motor activity. Analysis was performed on 25 spikes relative to the iL5 ventral root bursts as described in refs. 18 and 22. The latency to each spike was measured relative to the duration of the ventral root burst to give the phase value ⌽. The mean of 25 ⌽ was calculated to give a vector, the direction of which represents the preferred phase of firing of the neuron and the length of which, r, represents the tuning of the spikes around their mean. P values for the significance of r were then determined, and the cell was categorized as follows: (i) highly significantly (hS; P Ͻ 0.001) tuned firing corresponding to highly rhythmic cells; (ii) significant (S; 0.001 Ͻ P Ͻ 0.05) tuning, which often exhibited spikes throughout the cycle but a clearly preferred phase of firing; and (iii) nonsignificant (NS) tuning with cells firing throughout the cycle and no significant preferred phase of firing (P Ͼ 0.05). In all cases, the significance and direction of the vector calculated from the circular statistics accurately reflected the overall distribution and phase of interneuron activity as revealed by the instantaneous firing frequency histogram.
Postrecording Detection of EphA4 in Lucifer-Filled Neurons. Upon completion of the electrophysiological recordings, the L2 segment was excised and fixed in 4% paraformaldehyde in phosphate buffer solution (PBS) overnight at 4°C. After fixation, the tissue was cryoprotected in 20% and 30% sucrose in PBS before embedding in cryomount (Sakura Finetek) and stored at Ϫ80°C until cut into 14-m sections by using a cryostat (Microm, Heidelberg). Sections containing Lucifer-filled neurons (usually one and maximally two neurons in each cord) were detected by using a standard fluorescent microscope. To determine whether a recorded neuron was EphA4-positive, antibody staining for ␤-galactosidase (rabbit anti-␤-gal; Cappel) was performed on the sections containing the Lucifer-filled neuron. Cells immunostained for ␤-gal were termed EphA4-positive. After blocking with 10% heat-inactivated normal goat serum (HI-NGS) in PBS and 0.1% Triton X-100 (TX), slices were incubated overnight in rabbit anti-␤-gal antibody (1:1,000 in PBS͞TX; Cappel ICN Biomedicals). Primary antibody labeling was detected by label- ing the sections for 6 h at room temperature with CY3 donkey anti-rabbit secondary antibody (1:700 in PBS͞TX; Jackson ImmunoResearch). In addition, Hoechst 33258 staining was used to detect DNA content in the nucleus to assist detection of positive perinuclear ␤-gal staining. Slices were photographed at ϫ20 and ϫ40 by using a Nikon microscope. ␤-gal staining was confirmed by overlapping of the resultant images in PHOTOSHOP 7.0 (Adobe Systems, San Jose, CA).
Results
Locomotor Pattern in ephA4 lacZ Mice. Previously, we have shown that the abnormal adult hopping gait in ephA4-KO mice can be elicited in the isolated neonatal spinal cord preparation, suggesting that intrinsic defects in the spinal cord locomotor CPG underlie this phenotype (16) . In the isolated spinal cord, the abnormal hopping gait was seen as synchrony between bilaterally located, lumbar segment 2 (L2) predominantly flexor motor neurons as well as synchrony between caudally located, predominantly extensor L5 motor neurons. Normal alternating coordination was, however, maintained between ipsilaterally located L2 and L5 motor neurons. In the present experiments, where we used gene-trap ephA4 lacZ mice instead of the ephA4 neo knockouts, we first asked whether the isolated spinal cord from newborn animals in this genetic background also produced a hopping pattern of locomotor activity. This analysis was crucial to determine the putative function of EphA4-positive neurons.
Rhythmic locomotor-like activity (Fig. 1B) was elicited by perfusing the cord with a combination of NMDA (3-7 M) and 5-HT (3-9 M) in a total of 56 mice: 20 heterozygote ephA4 lacZ/ϩ mice, 30 homozygote ephA4 lacZ/Ϫ mice, and 6 C57͞BL6 WT mice used for reference. Averaging of the locomotor cycle relative to the iL5 burst over a 5-to 10-min period revealed the overall pattern of coordination (Fig. 1C) , and in all cases the rhythmic iL2 DC oscillations were out-of-phase with the iL5. We used circular statistics (see refs. 16 and 20) to provide a quantitative measure of the strength of coupling between the cL2 and iL5 ventral roots. In all WT mice and the majority of heterozygote mice (17 of 20) these roots were synchronous (circular statistic vector points close to 0.0), corresponding to the coactivation of flexors and extensors on the left and right side of the spinal cord during normal locomotion (swing muscles and stance muscles on either side of the body). The remaining three heterozygotes had no significant vector between cL2 and iL5 coordination because of drift (or uncoupling) between the two sides of the cord. The majority (18 of 30) of homozygotes displayed a rabbit-like hopping gait (vector point close to 0.5; Fig. 1D ) with alternation between cL2 and iL5 similar to what has been observed in straight ephA4-KO mice. Of the remaining 12 homozygotes, 4 exhibited significant synchronization between cL2 and iL5, indicative of a normal locomotor pattern not previously detected in straight ephA4-KO, whereas the remaining 8 showed drift.
Thus, it appears that the ephA4 lacZ/Ϫ homozygote mice exhibited a greater degree of variability in the pattern of bilateral coordination than the ephA4-KO mice (16). Because we were interested in the synaptic effect of EphA4-positive neurons on ipsilateral motor neurons, the only significance of this variability is the occurrence of drift between bilateral ventral roots in some preparations. To counter this, we always calculated the phase of intracellular spike activity recorded in the iL2 segment relative to the iL5 ventral root (see Fig. 1C ), because the iL2 ventral root activity always showed strict alternation with that of the iL5 in all preparations (WT, heterozygote, and homozygote; also see ref. 16 ).
Locomotor-Related Activity in Ventral EphA4-Positive Neurons. We first determined the activity of EphA4-postive cells during locomotion by recording intracellularly from randomly sampled neurons in the area where the hindlimb locomotor CPG is located (23) . Although the hindlimb locomotor CPGs are distributed over lumbar segments, we concentrated our recordings in the L2 segment, which is known to have a high locomotor capability compared with more caudal segments (18, 24) . Using ''blind patching'' (see Materials and Methods) in the ipsilateral L2 segment, we recorded a total of 76 neurons from the most ventral half of the spinal cord in WT, heterozygotic (ephA4 lacZ/ϩ ), and homozygotic (ephA4 lacZ/Ϫ ) mice. At rest, the average membrane potential of cells was Ϫ49 Ϯ 6 mV (SD) (n ϭ 76; not corrected for liquid junction potential), and input resistance (IR) was 427 Ϯ 206 M⍀ (SD) (n ϭ 40); there was no statistical difference (t test; P Ͼ 0.05) between neurons grouped according to their different genotypes (data not shown). In the absence of ventral root bursts, spontaneous action potentials were observed in 51% of the recorded cells. Forty-five Lucifer yellow-filled neurons recorded from hetero-and homozygotic mice were successfully recovered after the experiments. Nineteen of these neurons were immunopositive for ␤-gal [n ϭ 6 (ephA4 lacZ/ϩ ) and 13 (ephA4 lacZ/Ϫ ); Fig. 2A ] and were distributed throughout the area of the ventral horn sampled (Fig. 2B) . The activity of the neurons during locomotion was determined during stable NMDA͞5-HTinduced locomotor-like activity. Postrecording analysis of the cells according to whether or not they expressed ␤-gal revealed a degree of heterogeneity with regard to both their rhythmicity and phase of firing both in the EphA4-positive and EphA4-negative populations. Three of the 19 positive neurons were most likely motor neurons (Fig. 3A) given that they exhibited pronounced membrane oscillations, fired spikes exclusively in one phase of the locomotor cycle, and had significantly lower IRs (105 Ϯ 22; n ϭ 3) and hyperpolarized membrane potentials [MP Ͻ Ϫ50 to 55 mV at rest (also see ref. 25) ], as compared with other positive cells (IR ϭ 329 Ϯ 138, n ϭ 16; P ϭ 0.005; MP Ͼ Ϫ50 mV). It is not surprising to find EphA4-positive motor neurons because EphA4 has previously been shown to be expressed in motor neurons and to have a prominent role in motor axon guidance (26) . Twelve of the EphA4-positive cells were either defined as highly significantly rhythmic (hS) or significantly rhythmic (S) on the basis of circular statistics performed on 25 spikes (see Materials and Methods and ref. 20 ; Fig. 3A Middle and Right). Furthermore, no positive neurons were recorded that had r values, a measure of the degree of rhythmicity (see Materials and Methods), within the lowest two bins (r Ͻ 0.2), unlike with the EphA4-negative population (Fig.  3B) . The average rhythmicity, as defined by the r value of positive neurons, did not differ significantly between heterozygotes (0.496 Ϯ 0.203) and homozygotes (0.507 Ϯ 0.184).
Plotting the preferred phase of firing for positive and negative neurons revealed a broad distribution, with neurons firing both in the ipsilateral L2 phase (gray shaded areas in Figs. 3 C and D) and ipsilateral L5 phase (unshaded hemispheres). However, the EphA4-positive interneurons tended to fire in the ipsilateral L2 phase [12 of 19 (9 of 13 cells in homozygotes, and 3 of 6 cells in heterozygotes); Figs. 3 C and D] .
These experiments demonstrate that the majority of neurons expressing the EphA4 receptors and located in the ventral region of the spinal cord are rhythmic during drug-induced locomotorlike activity and therefore could be constituents of the hindlimb CPG.
Local Synaptic Effects of EphA4-Positive Neurons.
To test whether any of the EphA4 interneurons projected onto motor neurons (MNs), we used spike-triggered averaging of the DC L2 ventral root recording (also see ref. 27 ). We have previously used this technique in the neonatal rat preparation to investigate the function of commissural neurons (CINs) in coordinating leftright activity (20) . We decided to test the effect of the neurons on the local, ipsilateral MNs given that previous data suggests that these neurons are normally ipsilateral projecting and only in ephA4-null mice have aberrant crossed axon collaterals (4). Analysis of the effect on the local MNs would also allow us to maximize our data sample from the ''blind'' patching technique because the data could be analyzed irrespective of genotype. Here, we tested the synaptic effect of 36 neurons onto local, ipsilateral motor neurons both in the absence and the presence of locomotor-like activity. A fair number of the neurons exhibited spontaneous firing in the absence of ventral root activity (see above), and these spikes were used for the spike-triggered averaging of the DC iL2 ventral root recording (see Materials and Methods). In silent cells, firing was elicited by current injection (5-30 pA) to obtain spike-triggered averaging in the nonlocomotor state.
Three of the cells, which were classified as motor neurons on the basis of the criteria listed previously, exhibited large orthodromic spikes in the DC recordings (data not shown). Three types of postsynaptic response in the DC recordings were observed as a result of the interneuron spike-triggered averaging: excitatory (Exc, Fig. 4 ) and inhibitory (Inhib) responses that typically ranged from 4 to 20 V in amplitude (compare with ref.
20), and no signal (NS).
Excitatory responses were elicited by 10 neurons, 6 of which were EphA4-positive. These responses occurred at latencies ranging from 3.1 to 11.2 ms (average of 7.6 Ϯ 2.9 ms) and were sensitive to CNQX (10 M) and AP-5 (20 M) (Fig. 4A Top) . Block of the excitatory response by CNQX and AP-5 resulted in the emergence of a longer latency inhibitory response (average latency of 45.6 Ϯ 15.1 ms), which was insensitive to the glycine receptor blocker strychnine (n ϭ 1; 0.3 M) and͞or the GABA A receptor blocker bicuculline (n ϭ 1; 2 M) but was attenuated by incubation in low-Ca 2ϩ Ringer's (n ϭ 2). The nature of this potential is uncertain, but it might be mediated by activation of metabotropic glutamate receptors, which in turn activate a calcium-activated potassium conductance similar to what has been reported in ventral midbrain dopamine neurons (28) . Twelve interneurons, of which only one was EphA4-positive, evoked inhibitory responses in the averaged DC trace at a wide range of latencies (5.2-55.8 ms; average of 26.5 Ϯ 14.4 ms) both at rest and during locomotor-like activity. Longer latency responses were sensitive to bicuculline (n ϭ 2; Fig. 4A , Bic) or CNQX͞AP-5 (n ϭ 2; Fig. 4A ) except for one that, although sensitive to low-Ca 2ϩ Ringer's, was not blocked by bicuculline or strychnine. These connections are presumably polysynaptic (cf. ref. 20) . Of the shorter latency responses (n ϭ 3), one was tested and found to be sensitive to bicuculline but not strychnine; the other two were sensitive to low Ca 2ϩ Ringer's, but their specific neurotransmitter-type was not ascertained (Fig. 4A Middle) . Eleven cells evoked no signal in the ipsilateral L2 ventral root with the number of spikes used for the averaging (similar numbers of spikes used for averaging as in cells that evoked excitation or inhibition), five of which were EphA4-positive. Fig. 4B summarizes the results of these tests for EphA4-positive and EphA4-negative neurons by dividing the cells into groups according to their various synaptic effects on the ipsilateral motor neurons. The numbers of positive and negative neurons were approximately equal in the categories of excitatory and no-signal neurons, while the majority (10 of 11) of inhibitory interneurons were negative for EphA4. Analysis of the preferred phase of firing in the three categories of interneurons (Fig. 4C) revealed that excitatory EphA4-positive interneurons fired at the peak of ipsilateral motor neuron burst (Ϸ0.25; Fig. 4C Left) , whereas the majority of inhibitory EphA4-negative neurons fire out-of-phase with these motor neurons (Fig. 4C Right) . All of the EphA4-positive cells that exerted local synaptic effects (n ϭ 7) were recorded from homozygotic mice. Of the five neurons recorded in heterozygotes, two were putative motor neurons, and the remaining three had no local DC signal.
Discussion
Here, we demonstrate that the majority of interneurons expressing the EphA4 tyrosine kinase receptor in the ventral region of the mouse lumbar spinal cord are rhythmically active during locomotion. A subset of these neurons provide excitation of motor neurons on the same side, indicating that they are involved in generating the ipsilateral rhythmic motor activity. These findings correlate well with previous findings based on extracellular ventral root recordings that suggest that EphA4-ephrinB3 signaling is crucial to the correct development of the ipsilateral CPG, and specifically axon guidance of excitatory interneurons (16) .
The Role of EphA4-Positive Interneurons in the Locomotor CPG. The majority of EphA4-positive interneurons recorded fired in a rhythmic manner during drug-induced locomotor-like activity. This result, taken with the fact that the null phenotype exhibits such a pronounced abnormal gait, would suggest that some EphA4-positive interneurons are components of the locomotor CPG. The activity of EphA4-positive interneurons during druginduced locomotor-like activity was not uniform, with neurons firing both in-and out-of-phase with the ipsilateral L2 predominantly flexor motor burst. This distribution can in part be explained by the function of these neurons as determined by the spike-triggered averaging of the ipsilateral ventral root DC trace as discussed below.
All interneurons that were EphA4-positive and excitatory fired at the peak of the ipsilateral motor activity. These neurons constituted Ϸ50% of the EphA4-positive cells. We suggest that these neurons provide excitatory drive to local motor neurons during locomotion. Whether these excitatory interneurons form monosynaptic or polysynaptic projections onto ipsilateral motor neuron was not specifically tested here (see ref. 20) and cannot be determined based on the measured latencies (average of 7.6 Ϯ 2.9 ms) of the spike-triggered averaged excitatory events. Previous studies have shown that synaptic latencies are long in the still immature spinal cord (29, 30 ). An additional factor that might slow synaptic latencies is the fact that all recordings are performed at room temperature. All EphA4-positive excitatory interneurons were found in homozygote animals. This result could indicate (i) that in addition to the proposed changes in left-right coordination there is also a reconfiguration of the ipsilateral CPG unit in the ephA4-nulls (for example, increased ipsilateral aberrant sprouting in ephA4-nulls), or (ii) that we only had a small sample of interneurons recovered from ephA4 lacZ/ϩ animals, and we did not record from any of the excitatory cells. We favor the latter interpretation because previous data (4) and the fact that the null animals display precise bilateral coordination would suggest that these cells are normally ipsilateralprojecting and coordinate local, segmental motor neurons.
EphA4-positive neurons that have no local, ipsilateral effect (Ϸ42% of the EphA4-positive cells) usually fired off-phase of the ipsilateral L2 flexor burst. Without the synaptic effects on motor neurons, it is hard to ascribe a definitive functional role to these cells. However, we can predict that they are ipsilateral because few commissural interneurons express the EphA4 receptor (16) . So, either these neurons are inhibitory and project to flexorrelated motor neurons located outside L2 or they are excitatory neurons projecting to extensor-related motor neurons (firing out-of-phase with the L2) caudal of L2. Only one EphA4-positive neuron exerted a local inhibitory effect with a preferred phase of firing at the peak of the ipsilateral L2 out-of-phase period. What is apparent from our recordings is that the interneuron populations that express the EphA4 receptor are not a homogeneous population but are likely to contribute to the overall coordination of the ipsilateral locomotor-drive. Therefore, it is perhaps unsurprising that in the absence of correct axon guidance in ephA4-null mouse there is a dramatic alteration in gait.
Excitatory Central Pattern Generator Interneurons. The basis for this article was the recent finding that aberrant local connections within the locomotor CPG can account for the hopping locomotor-like pattern exhibited by ephA4-KO and ephrinB3-KO mice (16) . This led us to hypothesize that a group of EphA4 neurons are ipsilateral excitatory CPG interneurons, and that these neurons additionally have aberrantly crossing fibers in EphA4-KO and EphrinB3-KO mice, although it was not shown directly (also see refs. 12 and 31). In the present study, we directly show that a subpopulation of EphA4-positive neurons are rhythmically active and excitatory ipsilaterally projecting interneurons. Due to space constraints imposed by the headstages used to record intracellularly and the DC signal from the iL2 ventral root, it was not possible in the present experiments to simultaneously record form both the ipsilateral and contralateral roots in the same segment. Therefore, we did not test electrically as to whether or not the normally ipsilateral interneurons project contralaterally in the ephA4-null, as would have been predicted by Kullander et al. (16) . Moreover, because we were unable to trace individual axons for long distances from Lucifer-filled cells, we could not determine in the present study whether excitatory EphA4-positive cells also had aberrant midline crossing fibers in epha4-null mice. Notwithstanding this, the significance of the present study is that we have shown that a subpopulation of EphA4-positive cells are rhythmically active and provide excitation of, and in-phase with, the ipsilateral motor neurons. Ipsilaterally projecting excitatory CPG neurons have been described in a number of aquatic vertebrates (32, 33) . However, putative excitatory CPG interneurons have been previously only identified partly in mammals. Short-range projecting L7 inter-neurons that are antidromically activated from the nearby extensor motor nucleus and from group I afferents have been found to be rhythmically active during locomotion in the cat (34) . However, the postsynaptic effects of these neurons were not determined directly but inferred to be excitatory from their being activated by group I afferents and their firing and projection pattern. Two-thirds of the group II L3-L4 cells in the cat that project caudally as recorded by Shefchyk et al. (35) were rhythmically active. Although it was suggested that these cells were excitatory, this was not shown directly for the rhythmically active cells but inferred from previous studies by Jankowska and colleagues (36) , who showed that the group II midlumbar cells form a mixed population of excitatory and inhibitory cells. It is therefore difficult at the moment to say anything definitive about the excitatory cat midlumbar group II neurons during locomotion. Finally, recent experiments have shown that mouse spinal interneurons that are positive for the transcription factor HB9 and contain the vesicular glutamate transporter are rhythmically active during drug-induced locomotion (3, 4) . The axons of these neurons project into the motor nucleus, where they appear to make contact with motor neurons or nearby cells. These findings suggest that the HB9-positive interneurons are also involved in generating synaptic drive of ipsilateral motor neurons during locomotion, although there was no direct demonstration of an excitatory effect on ipsilateral motor neurons. The EphA4-positive interneurons reported here fire in the right phase of the locomotor cycle to be at least partly responsible for the excitatory drive of ipsilateral motor neurons during locomotion. In this way, they are strong candidate neurons for defining a distinct group of identified excitatory CPGs neurons in mammals.
Clearly, EphA4-positive cells are not the only excitatory cells in the CPG, because we also found a number of last-order excitatory interneurons that are EphA4-negative. A number of excitatory EphA4-negative interneurons fired in a rhythmic manner at the extensor-flexor transitions (0.0 phase values), suggesting that they might have a slightly different role in the CPG than the EphA4-postive excitatory interneurons.
Conclusion
Our data show that the majority of EphA4-positive neurons are rhythmically active and that a subset of these are excitatory ipsilaterally projecting interneurons. Ipsilaterally projecting glutamatergic excitatory interneurons are important for generating the rhythmic motor neuron drive in the tadpole and lamprey swimming CPGs (37) . We suggest that the rhythmically active excitatory EphA4-positive cells are strong candidate neurons for defining a group of identified excitatory interneurons in the mammalian CPGs.
